The basal stem/progenitor cell maintains homeostasis of the epidermis. Progressive disturbance of this homeostasis has been implicated as a possible cause in the pathogenesis of epithelial disease, such as middle ear cholesteatoma. In many cases of stem/ progenitor cell regulation, the importance of extracellular signals provided by the surrounding cells is well-recognized. Keratinocyte growth factor (KGF) is a mesenchymal-cell-derived paracrine growth factor that specifically participates in skin homeostasis; however, the overexpression of KGF induces middle ear cholesteatoma. In this study, two kinds of thymidine analogs were transferred at different time points and we investigated the effects of overexpressed KGF on the cell kinetics of stem/progenitor cells in vivo. As a result, BrdU(+)EdU(+) cells (stem/progenitor cells) were detected in the thickened epithelium of KGFtransfected specimens. The use of a high-resolution microscope enabled us to analyze the phosphorylated level of p63 in individual nuclei, and the results clearly demonstrated that BrdU(+)EdU(+) cells are regarded as progenitor cells. In the overexpression of KGF, the stimulation of progenitor cell proliferation was inhibited by SU5402, an inhibitor for tyrosine kinase of KGFR. These findings indicate that KGF overexpression may increase stem/progenitor cell proliferation and block terminal differentiation, resulting in epithelial hyperplasia, which is typical in middle ear cholesteatoma.
INTRODUCTION
The epidermal basal stem and/or progenitor cells maintain homeostasis of the epithelium through its development, self-renewal, and differentiation (Mascré et al. 2012) . In an adult mammal's interfollicular epithelium, stem cells are localized in the basal epidermal layer. Dividing daughter cells either undergo self-renewal or remain as undifferentiated proliferative progenitor cells only 4-6 times per year. These progenitor cells not only replenish the basal layer, but also give rise to transcriptionally active spinous and granular layers, and finally the outer layers of terminally differentiated during homeostasis (Blanpain and Simons 2013; Hsu et al. 2014) . The minimum transit time of basal stem cells to the cornified layer is estimated at about 7 to 9.5 days (Hoath and Leahy 2003; Potten et al. 1987) . In many cases of adult basal stem and/or progenitor cell regulation, the extracellular signals provided by the surrounding cells that form the stem cell niche are well-recognized (Hsu et al. 2014 ). The soluble para-crine signals from stromal cells are also required for the maintenance of homeostasis of the epithelium. The progressive disturbance of these paracrine signals may break the homeostasis of the epithelium and contribute directly to the pathogenesis of epithelial disease (Turner and Grose 2010; Finch et al. 1997) .
KGF, a unique member of the fibroblast growth factor (FGF) family, is a mesenchymal cell-derived paracrine mediator of epithelial cell growth (Finch et al. 1989) . In fact, KGF was shown to be secreted from fibroblasts mainly in the stroma and to act on epithelial cells through KGFR in the normal skin of fetuses and adults (Finch et al. 1995; Werner et al. 1992) . Moreover, the enhanced expression of KGF mRNA has been detected in fibroblasts during wound healing (Werner and Munz 2000) , and KGFR mRNA was found to be localized only in the epithelial cells of wounded skin (Orr-Urtreger et al. 1993 ). In our previous study, we showed that KGF and KGFR played an important role in human middle ear cholesteatoma formation, as characterized by the hyper-proliferation of epithelial cells (Tanaka et al. 1999; Yamamoto-Fukuda et al. 2003) . In addition, the electroporatic transfection of KGF gene-expressed vector induced middle ear cholesteatoma formation (Yamamoto-Fukuda et al. 2015) .
Recently, it has been reported that the transcription factor p63 was overexpressed in a hyperproliferative epithelium (Candi et al. 2008; Senoo et al. 2007) . p63 is also known as a marker of epidermal stem cells, and phosphorylated p63 (pp63) plays an essential role in maintaining the proliferative potential of those cells (Senoo et al. 2007; Yang et al. 1999) . Very recently, it has been shown that highly expressed KGF induced p63 expression and as a result, a hyper-proliferative epithelium was shown to develop in transgenic mice (Ogawa et al. 2008; Ramsey et al. 2013) . Furthermore, another study revealed that KGF affected stem and/or progenitor cells' proliferation (Greco et al. 2009 ). Based upon these observations, we hypothesized that the paracrine action of KGF might increase epidermal stem and/or progenitor cells through p63 activation and as a result, lead to the formation of cholesteatoma.
To address this hypothesis, first we examined the expression of KGF, KGFR, p63, and pp63 in human middle ear cholesteatoma tissues. We then investigated the role of KGF during epidermal stem and/or progenitor cell proliferation in vivo, which was induced by the transfection of KGF gene-expressed vector into the skin of the ear (Yamamoto-Fukuda et al. 2015) . The proliferative activity of the epithelial cells was detected by immunihistochemical analysis for proliferating cell nuclear antigen (PCNA) (a marker of late G1 to S) and apoptotic cell death was addressed by terminal deoxynucleotidyl transferasemediated dUTP nick end-labeling (TUNEL) staining. To evaluate the changes in epithelial cell differentiation, an immunohistochemical analysis of cell differentiation markers (cytokeratin (CK)14: undifferentiated epithelial cell marker, CK10: differentiated epithelial cell marker) was performed. The expression of p63 and pp63 in the KGF overexpressed epithelial cells was assessed by immunohistochemistry. To analyze the phosphorylated level of p63 in the nucleus of the epithelial cells in each tissue section, we applied Phostag, which was developed to capture phosphomonoester dianions in an aqueous solution (Kinoshita et al. 2004 ). The staining results were analyzed by super-resolution structured illumination microscopy (SR-SIM) to calculate pp63 spots in the nuclei. Finally, to monitor the levels of the progenitor cells under the influence of KGF, a cell tracing system using the thymidine analogues 5-bromo-2′-deoxyuridine (BrdU) and 5-ethynyl-2′-deoxyuridine (EdU) was performed. The paracrine actions of KGF are dependent upon KGFR, which is a transmembrane tyrosine kinase receptor (Miki et al. 1992) . By binding to KGFR, KGF activates various mitogen-activated protein kinases (MAPKs), including extracellular signal-regulated kinase (ERK) (Portnnoy et al. 2004) . SU5402 is an ATP mimetic known as a KGFR-selective inhibitor with 86 % homology to the KGFR tyrosine kinase domain and inhibits the tyrosine kinase activity of KGFR by interacting with the catalytic domain of KGFR with binding to the ATP-binding site (Mohammadi et al. 1997) . Recently, the use of SU5402 in an in vitro experiment resulted in inhibition of differentiation and proliferation of epithelial cells through KGF secretion by fibroblasts isolated from cholesteatoma (Raffa et al. 2012) . Combined with the results from an inhibitor for the tyrosine kinase of KGFR (SU5402) (Li et al. 2009 ), our objective was to demonstrate that the overexpression of KGF increased the population of epidermal progenitor cells through the activation of p63.
MATERIALS AND METHODS

Subjects
Male ICR mice (8 weeks old, 33-37 g body weight) with normal ear skin tissues were used in this study. All experiments were conducted according to the principles and procedures outlined in the guidelines for animal experimentation of Nagasaki University with the approval of the Institutional Animal Care and Use Committee (Nos. 1209241015-2 and 1404011269).
Specimens from 29 ears with middle ear cholesteatoma, confirmed by histopathologic exami-nation were obtained from 21 men and 8 women (average age 45 years; range 29-69 years). All of the patients were treated surgically at the Department of Otorhinolaryngology, Jikei University Hospital, between May 2016 and September 2017. The cholesteatoma tissues were harvested from the patients during surgery. In 22 of the ears of the study subjects with cholesteatoma (12 male and 10 female; average age 53 years; range 23-79 years), a small piece of normal skin was harvested during surgery. This study protocol was approved by the Human Ethics Review Committee of Jikei University School of Medicine, and signed informed consent was obtained from all the patients or their guardians for this study (approval number is 27-344 8229).
Experimental Design
hKGF cDNA-Transfected Mice. Flag-human KGF (hKGF) DNA plasmid driven by a CMV14 promoter (0.5 μg/ ml) (KGF gene-transfected) or a null-plasmid driven by a CMV14 promoter (0.5 μg/ml) (vector alonetransfected) were transfected into the mouse ear skin using a Nepa21 Electroporator (Nepa Gene Co., Chiba, Japan), according to the protocol of a previous paper (Yamamoto-Fukuda et al. 2015) . The hKGF cDNA expression vector was successfully transfected and KGF protein was expressed 4 days after vector transfection, the same as results described previously (Yamamoto-Fukuda et al. 2015) . The animals were euthanized using an intraperitoneal injection of 200 mg/kg pentobarbital. Their ear skin tissues were removed at 1, 4, and 7 days after vector transfection, fixed with 4 % paraformaldehyde (PFA) in a phosphate-buffered saline (PBS) at 4°C overnight, and then embedded in paraffin in the standard manner. The sections (5 μm to 6 μm thick) were prepared and some were stained with hematoxylin and eosin (H&E) for histological examination. BrdU and EdU Uptake. We labeled the newly synthesized DNA with BrdU and EdU, two analogues of thymidine, by successive intraperitoneal injections into the ICR mice to investigate the stem cells/ progenitor cells after KGF transfection, as previously described (Salic and Mitchison 2008) . We first injected thymidine analogues BrdU to trace stem/ progenitor cells in mouse ear skin before KGF transfection (day −1). After KGF transfection (day 0), we injected another thymidine analogues EdU to monitor the levels of the progenitor cells under the influence of KGF at each time point (Fig. 5a ). An intraperitoneal injection of BrdU (60 mg/kg body weight) dissolved in saline at 24 h prior to vector transfection and EdU (2.5 mg/kg body weight) dissolved in saline at 2 h prior to each euthanize was performed, as described previously (Yennek and Tajbakhsh 2013).
Administration of Inhibitor for Tyrosine Kinase of KGFR
In Vivo. Eighteen mice were used in the inhibition experiment. A tyrosine kinase of FGFR inhibitor (SU5402) administration was performed according to the previous method . After each vector transfection, 2 mM SU5402 in 2 % DMSO in PBS was administered in the ear skin region by eardrops (20 μl per day every 24 h, from the day of vector transfection to the day before euthanization) in 18 of the right ears (KGF genetransfected 9 ears; vector alone-transfected 9 ears). In the 18 left ears, 20 μl of 2 % DMSO in PBS was administered after vector transfection (KGF genetransfected 9 ears; vector alone-transfected 9 ears). The ear tissues were then removed and the paraffin sections prepared.
Reagents
Chemicals and Biochemical. The SU5402 was purchased from Calbiochem (Darmstadt, Germany). The PFA was purchased from Merck (Darmstadt, Germany) and the 3 3′-diaminobenzidine 4HCl (DAB) and EDTA were purchased from Dojin Chemical Co. (Kumamoto, Japan). The dimethyl sulfoxide (DMSO), 3-aminopropyltriethoxysilane, proteinase K, Brij 35, Triton X-100, bovine serum albumin (BSA, essentially fatty acid-and globulin-free) were purchased from Sigma Chemical Co. (St. Louis, MO, USA). The Permount was from Thermo Fisher Scientific (Hudson, NH, USA). The horseradish peroxidase (HRP)-conjugated streptavidin was purchased from Amersham Biosciences (Piscataway, NJ, USA). The biotin-16-dUTP and terminal deoxynucleotidyl transferase (TdT) were purchased from Roche Diagnostics (Mannheim, Germany). The BrdU was from Zymed Laboratory (San Francisco, CA, USA). The 4,6′-Diamidino-2-phenylindole dihydrochloride (DAPI) was from Dako (Glostrup, Denmark). The EdU and Click-iT EdU Imaging Kits were purchased from Invitrogen/Molecular Probes (Carlsbad, CA, USA). All other reagents used in this study were purchased from Wako Pure Chemicals (Osaka, Japan) and were of analytical grade. Antibodies. The primary antibodies used in this study were anti-KGF (goat polyclonal, Sigma-Aldrich #AB260376, 1:100); anti-FGFR2 (KGFR; rabbit polyclonal, Sigma-Aldrich#AB259379, 1:100); anti-Flag (M2) (mouse monoclonal, Sigma #AB259529, 1:250); anti-dephosphorylated ERK1&2 (p-ERK) (mouse monoclonal, Sigma #M8159, 1:50); anti-PCNA (PC10) (mouse monoclonal, Dako #AB2160651, 2.0 μg/ml); anti-p63 (4A4; TA and delta N p63; mouse monoclonal, Abcam #AB305870; 1:100); anti-pan-p63 (4A4; mouse monoclonal, BioGenex #MU418-UC, 1:200); anti-pp63 (Ser160/162, rabbit polyclonal, Cell Signaling #AB2286372, 1:150); anti-CK14 (CK14, rab-bit polyclonal, BioLegend (formerly Covance Antibody Products) #PRB-155P, 1:4000); anti-CK10 (CK10; rabbit polyclonal, BioLegend (formerly Covance Antibody Products) # PRB-159P, 1:4000); and anti-BrdU (BrdU; mouse monoclonal, Leica Microsystems (formerly Novocastra Products)#AB563437, 1.0 μg/ml). The secondary antibodies used in this study were HRP-conjugated goat anti-mouse IgG F(ab)' (Chemicon International #AP124P, 1:100); HRPconjugated goat anti-rabbit IgG F(ab) ' 
Specific Methods
Western Blot Analysis of KGF. The expression of KGF proteins after vector transfection in the ear tissues was examined by Western blot analysis as previously described with primary antibodies against KGF (0.1 μg/ml; Sigma) and secondary antibody against goat (1:10,000 dilution; Sigma) (Yamamoto-Fukuda et al. 2015) . As a control, actin protein was detected with rabbit polyclonal anti-Actin antibody (H-196; 1:1000 dilution; Santa Cruz Biotechnology, CA, USA) and a secondary antibody against rabbit (1:10,000 dilution; Sigma). Immunohistochemistry. For the detection of FLAG, KGF, KGFR, p63, PCNA, CK14, CK10, BrdU, pp63, and p-E R K , a n e n z y m e o r f l u o r e s c e n c e immunohistochemistry was performed on the paraffin sections of skin tissue, as described previously Akiyama et al. 2014; Miyata et al. 2008; Ulziibat et al. 2006 ). In the case of FLAG detection, each section was pretreated with proteinase K dissolved in PBS at 10 μg/ml at 37°C for 15 min. For the detection of KGFR, CK14, and CK10, the sections were immersed with 0.2 % TritonX-100. For the detection of p63, the sections were autoclaved in a 0.01-M citrate buffer (pH 6.0) at 120°C to retrieve the antigen for 10 min. For the detection of BrdU, the section was incubated with proteinase K at 100 μg/ml at 37°C for 15 min and immersed with 2 N HCl for 30 min. Pretreatment was omitted in the immunohistochemistry for the detection of KGF, PCNA, pp63, and p-ERK. For the enzyme immunohistochemistry after the inactivation of endogenous peroxidase with 0.3 % H 2 O 2 in methanol for 15 min, the slides were preincubated with 500 μg/ml normal goat IgG in 1 % BSA in PBS for 1 h to block a nonspecific reaction. The sections 226 YAMAMOTO-FUKUDA ET AL.: KGF signaling promotes progenitor cell proliferation To identify apoptotic cells, TUNEL was performed as described previously (YamamotoFukuda et al. 2000) . The signals were detected immunohistochemically with HRP-conjugated goat anti-biotin antibody, and the HRP sites were visualized with DAB and H 2 O 2 in the presence of nickel and cobalt ions, as described above. Detection of the Phosphorylated Level of p63. To detect the phosphorylated level of p63 in each mouse, we performed double immunofluorescence staining. After de-paraffinization, the slides were reacted with 20 μM Phos-tag BTL-111 and mouse monoclonal anti- p63 antibody overnight at RT. After washing four times with 0.075 % Brij 35 in 0.05 M TBS (pH 7.5), the sections were reacted with FITC-labeled goat antibiotin and Alexa Fluor 546-goat anti-mouse IgG as secondary antibodies for 1 h. The nuclei were stained with DAPI and the sections analyzed using fluorescence confocal laser scanning microscopy (LSM 510 PASCAL, LSM 710 ELYRA PS.1, Zeiss). High-resolution images were obtained using SR-SIM (ELYRA PS.1 system, Zeiss). All images were acquired and processed with the Zeiss Zen 2012 imaging software. The nuclei were defined using the DAPI channel, and the number of the color pixels of pp63 in one nucleus was values to the total number of p63 pixel values. Microacopy, Image Analysis, and Cell Count. For each time point, at least three independent specimens were used. Images of the H&E stainings and immnostainings were captured using an Axio Cam camera and the AxioVision software (Carl Zeiss) under light microscopy. Epidermal thickness was measured at three locations (central and at each extreme) using the ImageJ software from the National Institutes of Health (n = 4, each time point). The immunohistochemistry results were graded as positive or negative and compared to the negative control. For each section, the number of cell nuclei was counted at more than 1000 nuclei in three equal epithelial regions at × 400 magnification. Per specimen of immunofluorostaining, three 10,000-μm 2 areas (100 × 100 μm squares) for the equal epithelial regions were assumed with confocal laser scanning microscopy (LSM 510 PASCAL, Carl Zeiss, LSM 710 ELYRA PS.1 system, Zeiss, Gottingen, Germany) and the Zeiss acquisition analysis software (Zen Black), and the number of positive cell nuclei were counted. DAPI labeling was used to obtain the total cell number. The labeling index (LI) (mean ± SD) represented the percentage of positive cell nuclei per the total number of counted nuclei. Statistical Analysis. All data were expressed as mean ± SEM. Differences between the groups were examined R Fig. 2 . Morphological changes in the mouse epidermis after KGF gene transfection. a Schematic description of the method for electroporated transfection of KGF vector in mouse ear skin. The animals were euthanized using an intraperitoneal injection of 200 mg/kg pentobarbital and their ear skin tissue was removed 1, 4, and 7 days after vector transfection. b Immunohistochemical analysis using the anti-FLAG M2 and KGF antibody in sections of KGF gene-transfected ear skin tissue (KGF) (day 1, day 4, and day 7) and the vector alone-transfected ears (Empty) (day 1). Intense staining for FLAG and KGF was detected abundantly in epithelial cells and in some stromal cells of KGF gene-transfected ear skin tissue at day 1 and day 4. FLAG-hKGF expression vector was successfully transfected in vivo and induced KGF expression until day 4. KGFR expression was detected until day 4. for statistical significance using the two-way analysis of variance (ANOVA) test followed by Tukey's post hoc tests for normally distributed data. A p value of less than 0.05 denoted the presence of a statistically significant difference. All analyses were performed using a statistical software package (JMP version 13; SAS Institute Japan, Tokyo, Japan). Precise values for p are given in the results for all significant differences, as stipulated in the guidelines for JARO publications.
RESULTS
p63, pp63, KGF, and KGFR Expression in Cholesteatoma Tissue
In the cholesteatoma tissue, most of the p63-positive cells were detected in the basal layer (Fig. 1a) . Many pp63-positive cells were detected in the basal layer and in the upper layer of the thickened wall of the cholesteatoma matrix (Fig. 1a) . KGF expression was detected in some stromal cells (Fig. 1a) . KGFR-positive cells were detected in the basal layer and in the upper layer of the thickened wall of the cholesteatoma matrix (Fig. 1a) . The expression level of p63 was almost the same as in normal skin tissue (Fig. 1b) . On the other hand, the expression level of pp63 was slightly weaker in normal skin tissue (Fig. 1b) . We previously indicated that KGF and KGFR were scarcely detected in normal skin tissue by immunohistochemical analysis (Yamamoto-Fukuda et al. 2003) . p63 LI in middle ear cholesteatoma (47.6 ± 5.6 %) was almost the same as that of normal skin (39.2 ± 4.0 %; one-way ANOVA F(1, 49) = 36.22, p G 0.0001 with Tukey's multiple comparison test) (Fig. 1c) . pp63 LI in middle ear cholesteatoma (40.1 ± 4.8 %) was significantly higher than that of normal skin (17.5 ± 4.3 %; oneway ANOVA F(1, 48) = 294.20, p G 0.0001 with Tukey's multiple comparison test) (Fig. 1c) .
Morphological Changes in the Mouse Epidermis after KGF Gene Transfection
The FLAG-hKGF expression vector was successfully transfected in vivo and induced KGF and KGFR expression until day 4 (Fig. 2b) . A Western blot analysis using anti-KGF antibody demonstrated a 28-kDa band in the hKGF gene-transfected ears at days 1, 4, and 7 (Fig. 2b ). The human KGF protein level was highest at day 4 and scarcely detected at day 7, which was almost the same level as that of day 1 in the vector alonetransfected ears (Fig. 2b) . H&E staining of the mouse ear skin tissues revealed that KGF gene transfection induced a marked thickening of the epithelium, as compared to the vector alone-transfected ear skin tissue (Fig. 2c) . However, the effect of KGF transfection was transient. The thickness of the epithelium reached a maximum at day 4 (80.3 ± 29.9 μm; compared to 17.6 ± 2.1 μm vector alone at day1, 15.9 ± 2.5 μm vector alone at day 4, 15.3 ± 5.0 μm vector alone at day 7, or 21. the control level at day 7 (34.7 ± 5.0 μm compared to 15.9 ± 2.5 μm vector alone at day 7; two-way ANOVA F(5, 18) = 19.74, p = 0.2787 with Tukey's multiple comparison test) (Fig. 2c , Table 2 ).
Epithelial Cell Proliferation in Mouse Ear Skin Tissue after KGF Gene Transfection
An immunohistochemical analysis for PCNA was performed to evaluate the effects of KGF-gene transfection on the proliferative activity of epithelial cells.
In the vector alone-transfected ears, PCNA-positive cells were found only in the basal layer, the same as in normal epithelium (Fig. 3a) . In contrast, PCNApositive cells were widely distributed throughout the upper layer of the epithelium in the KGF genetransfected ears (Fig. 3a) . PCNA LI in the KGF genetransfected ears at day 4 (47.4 ± 7.2 %) was significantly higher than in the vector alone-transfected ears at day 1 (19.7 ± 10.6 %; two-way ANOVA F(5, 32) = 11.86, p = 0.0009 with Tukey's multiple comparison test), day 4 (4.4 ± 0.6 %; two-way ANOVA F(5, 32) = 11.87, p G 0.0001 with Tukey's multiple comparison test), and day 7 (5.3 ± 2.6 %; two-way ANOVA F(5, 32) = 11.87, p G 0.0001 with Tukey's multiple comparison test) (Fig. 3a , Table 2 ). Highest PCNA LI was observed at day 4 after transfection (47.4 ± 7.2 % KGF at day 4 compared to 19.1 ± 10.9 % KGF at day 7; two-way ANOVA F(5, 32) = 11.87, p = 0.0003 with Tukey's multiple comparison test) (Fig. 3a , Table 2 ).
Frequency of TUNEL-Positive Cells in Mouse Ear Tissue after KGF Gene Transfection
To evaluate the effects of KGF gene transfection on epithelial cell death, we conducted TUNEL staining. TUNEL-positive cells were found only in the corneal layer, as in the control specimens (Fig. 3b) . The frequency of these cells in the KGF gene-transfected skin tissue was almost the same as that of the control tissue (Fig. 3b, Table 2 ). TUNEL LI in the KGF genetransfected ears at day 1 (9.7 ± 1.4 %) was significantly highest in the KGF gene transfection group (compared to 1.3 ± 1.1 % KGF at day 4, 2.7 ± 0.1 % KGF at day 5, 1.7 ± 0.2 % KGF at day 6, 4.2 ± 0.7 % KGF at day 7; two-way ANOVA F(9, 20) = 54.17, p G 0.0001 with Tukey's multiple comparison test). In the vector alone-transfection group, a significantly higher level of TUNEL LI was detected at day 1 (10.6 ± 10.0 % compared to 1.3 ± 0.9 % vector alone at day 4, 3.6 ± 0.7 % vector alone at day 5, 1.8 ± 0.4 % vector alone at day 6, 3.5 ± 0.3 % vector alone at day 7; two-way ANOVA F(9, 20) = 54.17, p G 0.0001 with Tukey's multiple comparison test) (Fig. 3b, Table 2 ). However, TUNEL LI in the KGF gene-transfected ears at day 1 (9.7 ± 1.4 %) was almost the same as that in the vector alone-transfection ears at day 1 (10.6 ± 10.0 %; two-way ANOVA F(9, 20) = 54.17, p = 0.9254 with Tukey's multiple comparison test) (Fig. 3b , Table 2 ).
Detection of KGFR, CK14, and CK10 Proteins in Proliferative Mouse Ear Skin Tissue after KGF Gene Transfection
To evaluate the effects of KGF through paracrine action on epithelial cell differentiation in the thickened epithelium at day 4, we analyzed the expression of KGFR, CK14 (an undifferentiated epithelial cell marker), and CK10 (a differentiated epithelial cell marker) by immunohistochemistry. As shown in Fig. 3c , KGFR protein was detected in the basal and upper layers of the epithelium in the KGF-transfected ears at day 4. In contrast, KGFR-positive cells were not found in the KGF gene-transfected ears at day 7 (data not shown) or in the vector alone-transfected ears (Fig. 3c) . Staining for the undifferentiated cell marker CK14 was detected in the basal and upper layers but the differentiated cell marker CK10 was not detected in all layers of the epithelium at day 4 after KGF gene transfection (Fig. 3c ). In the control ears, CK14 was detected in the basal layer and CK10 was detected in the upper layers (Fig. 3c) . No staining was detected with normal rabbit IgG instead of the first antibody (Fig. 3c ). CK14 LI in the KGF gene-transfected ears at day 4 (80.3 ± 8.2 %) was significantly highest in all of the groups (compared to 62.4 ± 6.3 % KGF at day 1; two-way ANOVA F(5, 24) = 46.09, p = 0.0012 with Tukey's multiple comparison test, compared to 40.8 ± 4.6 % KGF at day 7, 34.5 ± 4.3 % empty at day 1, 36.6 ± 6.3 % empty at day 4 or 38.7 ± 5.8 % empty at day 7; two-way ANOVA F(5, 24) = 46.09, p G 0.0001 with Tukey's multiple comparison test) (Fig. 3c , Table 2 ). CK10 LI in KGF gene-transfected ears at day 4 (0.5 ± 0.1 %) was significantly lowest in all of the groups (compared to 24.8 ± 4.7 % KGF at day 1, 23.6 ± 5.2 % empty at day 1, 21.4 ± 4.1 % empty at day 4, 22.9 ± 7.4 % KGF at day 7 or 24.4 ± 9.3 % empty at day 7; two-way ANOVA F(5, 24) = 13.81, p G 0.0001 with Tukey's multiple comparison test) (Fig. 3c , Table 2 ).
Localization of p63 and pp63-Positive Cells in Mouse Ear Epithelium and the Phosphorylation Level of p63 in Epithelial Cells after KGF Transfection
When we assessed the effects of KGF on the proliferative potential of stem and/or progenitor cells in the thickened epithelium, we analyzed the expression pattern of p63, a stem cell marker of stratified squamous epithelium, and pp63, a marker for progenitor cells, by immunohistochemistry. p63 was detected in many basal cells in the epithelium at day 1 after KGF gene transfection (Fig. 4a) . We also noted many cells in the upper layer were also positive for p63 in the KGF gene-transfected ears at day 4 (Fig. 4a) .
In contrast, p63-positive cells were reduced and found mainly in the basal layer of the KGF gene-transfected ears at day 7 and in the vector alone-transfected ears at any day (Fig. 4a) . We performed double staining for p63 and Phos-tag to assess pp63. ( The results indicated that pp63 expression was highly variable within the basal layer of the KGF gene-transfected ears at day 1 (Fig. 4a) . Consistent with the KGF gene-transfected ears at day 4, pp63-positive cells were localized in the upper layer and the number of these cells increased (Fig. 4a) . SR-SIM images revealed that three yellow dots depicting pp63 were detected in the nuclei of the p63-positive basal cells at day 1 and p63-positive suprabasal cells at day 4 after KGF gene transfection (Fig. 4a) . The ratio of pp63 spots to p63 spots (pp63/p63 ratio) at day 4 after KGF gene transfection (30.6 ± 2.6 %) was significantly higher than in the vector alonetransfected ears (compared to 0.0 ± 0.0 % empty at day 1, 0.3 ± 0.3 % empty at day 4, or 0.0 ± 0.0 % empty at day 7; two-way ANOVA F(5, 12) = 24.96, p G 0.0001 with Tukey's multiple comparison test) and at day 7 after KGF gene transfection (compared to 0.0 ± 0.0 %; twoway ANOVA F(5, 12) = 24.96, p G 0.0001 with Tukey's multiple comparison test) (Fig. 4b , Table 2 ). The pp63/ p63 ratio at day 7 after KGF gene transfection (0.0 ± 0.0 %) was almost same as in the vector alonetransfected ears (compared to 0.0 ± 0.0 %; two-way ANOVA F(5, 12) = 24.96, p = 1.00, with Tukey's multiple comparison test) (Fig. 4b , Table 2 ).
Detection of Stem and Progenitor Cells by Cell
Tracing with BrdU-, EdU-, and CK14-Positive Cells in Mouse Ear Skin Tissue after KGF Transfection
We labeled DNA with EdU and BrdU, two analogues of thymidine, to investigate the stem and progenitor cells before and after KGF gene transfection (Fig. 5a ).
As shown in Fig. 5b , BrdU(+)EdU(−) cells were detected in the basal layer of the normal ears, KGF gene-transfected ears, and vector alone-transfected ears.
In contrast to the results of the vector alone-transfected specimens, a higher number of BrdU(−)EdU(+) cells were detected in the CK14(+)CK10(−) basal layer at day 1 after KGF gene transfection and LI (9.7 ± 6.8 %) was significantly higher than that of the vector alonetransfected ears (2.9 ± 1.4 % at day 1; two-way ANOVA F(5, 24) = 5.41, p = 0.0471 with Tukey's multiple comparison test, 0.4 ± 0.5 % at day 4; two-way ANOVA F(5, 24) = 5.41, p = 0.0030 with Tukey's multiple comparison test, 0.7 ± 0.6 % at day 7; twoway ANOVA F(5, 24) = 5.41, p = 0.0070 with Tukey's multiple comparison test) and decreased at day 7 (1.3 ± 1.2 % compared to 9.7 ± 6.8 % KGF at day 4; two-way ANOVA F(5, 24) = 5.41, p = 0.0056 with Tukey's multiple comparison test) (Fig. 5b, c, d , Table 3 ). Some BrdU(+)EdU(+) cells were detected in the CK14(+)CK10(−) upper layer of the thickened CK14-positive epithelium at day 4 after KGF gene transfection (Fig. 5b, c) . BrdU(+)EdU(+) LI at day 4 in the KGFtransfected ears (17.6 ± 2.7 %) was significantly higher (compared to 1.8 ± 0.3 % KGF at day 1, 1.3 ± 1.2 % R Fig. 5 . Analyzing the effect of overexpressed KGF on cell kinetics of stem cells, progenitor cells and more differentiated cells using a cell tracing system in vivo. a Schematic description of the method for injecting two thymidine analogues in KGF-transfected mouse ear skin. To investigate the stem cells or progenitor cells after KGF transfection, BdU and ErdU were injected at different time points. BrdU was injected intraperitoneally at 24 h prior to vector transfection and EdU was injected intraperitoneally at 2 h prior to each euthanization. b In the left panel, merged images consisting of BrdU (red) and nuclei stained with DAPI (blue) in the section at day 0. BrdU(+) cells (white arrow head) were detected in the basal layer at day 0. Double immunofluorescence detection of BrdU (red) and EdU (green) was performed in sections of KGF gene-transfected (KGF) and vector alone-transfected ear skin tissue (Empty) (day 1, day 4, and day 7). BrdU(+)EdU(−) cells (red arrow) were detected in the basal layer of KGF gene-transfected ear skin tissue at day 1 and day 7, and vector alonetransfected ear skin tissue. An increased number of BrdU(−) EdU(+) cells (green arrows) were detected in the basal layer at day 1 and upper layer at day 4 after KGF gene transfection. BrdU(+)EdU(+) cells (yellow arrows) were detected in the thickened epithelium in KGF gene-transfected ear skin tissue at day 4. Dashed lines: basement membrane. Scale bars, 20 μm.
c Triple immunofluorescence detection of BrdU (red), EdU (green) and CK14 (magenta) or CK10 (magenta) in sections of KGF gene-transfected (KGF) and vector alone-transfected ear skin tissue (Empty) (day 1, day 4 and day 7). Nuclei were stained with DAPI (blue). BrdU(+)EdU ( KGF at day 7, 0.7 ± 0.5 % vector alone at day 1, 0.9 ± 0.3 % vector alone at day 4, or 0.7 ± 0.6 % vector alone at day 7; two-way ANOVA F(5, 24) = 139.39, p G 0.0001 with Tukey's multiple comparison test) (Fig. 5d, Table 3 ). To examine the effects of KGF against the proliferative activation of epithelial stem and/or progenitor cells that expressed KGFR, KGFR tyrosine kinase inhibitor administration was performed after KGF-gene transfection in vivo (Fig. 6a) . The number of p-ERK positive cells was dramatically lower at day 1 and almost no positive epithelial cells were found at days 4 and 7 in the KGF genetransfected ear skin tissue treated with 2 mM SU5402 (Fig. 6b) . However, intensely stained epithelial cells were detected in KGF gene-transfected ear skin tissue treated with 1 % DMSO in PBS (Fig. 6b) . According to the results of an immunohistochemical analysis of p-ERK, SU5402 inhibits ERK activation mediated by a constitutively activated KGFR induced by KGF-gene transfection. We labeled DNA synthetic activity with BrdU and EdU, two analogues of thymidine, by successive intraperitoneal injections in mice. In contrast to the vehicle, BrdU(+)EdU(+) cells in the upper layer at day 4 were scarcely detected (Fig. 6b) . At day 4 after KGF transfection, BrdU(+)EdU(+) LI of the SU5402-treated ears (2.3 ± 1.8 %) was significantly lower than that of the vehicle-treated ears (compared to 5.0 ± 1.6 %; two-way ANOVA F(11, 24) = 68.55, p G 0.0001 with Tukey's multiple comparison test) (Fig. 6c , Table 4 ). At day 1 after KGF transfection, BrdU(−)EdU(+) LI of the SU5402-treated ears (0.4 ± 0.6 %) was significantly lower than that of the vehicle-treated ears (compared to 5.6 ± 1.3 %; two-way ANOVA F(11, 24) = 13.23, p = 0.0076 with Tukey's multiple comparisons test) (Fig. 6c , Table 4 ). BrdU(+)EdU(−) LI were almost same in all of the KGF gene-transfected ears and vector alone-transfected ears with or without SU5402 treatment (Table 4) .
DISCUSSION
Many pp63-Positive Epithelial Cells Were Detected in the Human Cholesteatoma Specimens
It is well known that middle ear cholesteatoma is characterized by the presence of a keratinizing epithelium that is believed to have hyper-proliferative properties (Sudhoff and Tos 2000) . Our understanding of the molecular mechanism underlying the pathogenesis of cholesteatoma is limited, but an active proliferation of epithelial cells is thought to be irreversible. In this study, we clearly demonstrated that many pp63-positive epithelial cells were detected in human cholesteatoma specimens (Fig. 1) . The transcription factor p63 plays an essential role in epithelial development (Mills et al. 1999) . As previously reported, assessing the p63 level alone is not sufficient to identify stem cells and progenitor cells. A previous study introduced a second marker, pp63, and showed that relative pp63 levels to total p63 expression can distinguish stem cells from progenitor cells, which have more limited proliferative capacity (Linardi et al. 2015) . As expected, pp63 was strongly and diffusely expressed in the entire cholesteatoma group, indicating the possibility that cholesteatomas are derived from undifferentiated cells-the progenitor cell-in the basal layer of the epidermis.
KGF Enhanced Proliferative Activity and Prevented Differentiation of Epithelial Cells in Mouse Ear Skin Tissue
In the previous study, we indicated that KGF and KGFR enhanced epithelial cell proliferative activity and correlated to the recurrence of human middle ear cholesteatoma (Yamamoto-Fukuda et al. 2003) . In addition, the repetitive electroporatic transfection of the KGF gene expression vector induced middle ear cholesteatoma formation in vivo (Yamamoto-Fukuda . 2015) . Based upon these observations, we analyzed the cell kinetics of epithelial cells in our in vivo model. The transfection of the hKGF expression vector by electroporation increased the thickness and keratinization of the epithelial portion of ear skin tissue. In the previous study, it was indicated that KGF has an antiapoptotic role against some kinds of cells (Tamaru et al. 2004 ), so we hypothesized that thickened epithelium might be induced under the anti-apoptotic role of KGF. However, we found no changes in apoptosis as assessed by TUNEL staining after KGF gene transfection, compared with vector-alone transfection (Fig. 3) .
We also hypothesized that KGF could activate epithelial cell proliferation in ear skin. Regarding proliferation, the LI of PCNA-positive cells in KGF gene-transfected ear skin tissue had increased until day 4 (Fig. 3) . When we assessed the markers of differentiation, we noted the appearance of undifferentiated marker CK14 in all of the layers of the epithelium at day 4 after KGF gene transfection (Fig. 3) . It has been reported that KGF signals induce proliferation and prevents the terminal differentiation of keratinocyte in vitro (Andreadis et al. 2001) , which supports our results.
KGF Induces p63 Gene Expression and pp63-Positive Progenitor Cell Proliferation
According to the results of the immunohistochemical analysis, p63-positive cells increased in the thickened epithelium after KGF transfection (Fig. 4) . It has recently been shown that highly expressed KGF induced p63 expression and as a result, hyperproliferative epithelium developed in transgenic mice (Chikama et al. 2008) . Another study showed p63 strongly expressed in the epithelial cells of a KGFtreated limbal explant culture (Cheng et al. 2009 ). The p63 gene, a homolog of the tumor suppressor p53, is highly expressed in the basal or progenitor layers of many epithelial tissues and it is likely that p63 preserves the self-renewal capacity of progenitor cells (Yang et al. 1998) . Taken together, our results indicate the possibility that p63 is critical for maintaining the progenitor cell populations that are necessary to sustain epithelial hyper-proliferation and morphogenesis of middle ear cholesteatoma.
Furthermore, another study showed that KGF affects stem and/or progenitor cell proliferation (Greco et al. 2009 ). Based upon these observations, we analyzed progenitor cell proliferation using a cell tracing system in our vivo model. According to the results of our cell tracing analysis, many progenitor cells (BrdU(+)EdU(+) cells) were detected in the upper layer of the epithelium at day 4 after KGF gene expression (Fig. 5) . The unbalanced proliferation of basal stem and/or progenitor cells induces devastating diseases such as skin cancer and epidermal disease (Mancuso et al. 2006 ). In our in vivo model, KGF overexpression increased the proliferative activity of undifferentiated epithelial cells such as stem and/or progenitor cells, resulting in epithelial hyperplasia and stratification. Theoretically, disturbances in the regulation of basal stem cells could lead to a hypertrophic epithelium, which is characterized by excess basal stem cells and stratified squamous metaplasia (O'Koren et al. 2013; Rock et al. 2010 ). However, skin cancer could not be detected in KGF gene-transfected ear skin and the thickness of the epithelium was transient in our in vivo model. After a reduction of KGF in the KGF gene-transfected epithelium, epithelial cell differentiation was induced and hyperkeratinization of the outer layers was shown during epithelial homeostasis. One possibility is that KGF increased progenitor cells, but these cells have a limited proliferative potential. Indeed, progenitor cells (BrdU(+)EdU(+) cells) were scarcely found in the epithelium at day 7 after KGF gene expression (Fig. 5) . The previous study indicated that during the wound healing process, the strong induction of KGF-expressing stem cells becomes active, and contributes substantially to the repair and production of more progenitor cells for tissue recovery (Vorotnikova et al. 2010; Auf demKeller et al. 2004; Finch and Rubin 2004) . Also, in the epithelium of the esophagus, progenitors have been shown to transition to a proliferative state and effect repair following injury (Doupé et al. 2012) .
In a recent study, it was shown that pp63 could be induced to differentiate basal stem cells to upper progenitor cells and prevent continued proliferation and a transformation to malignancy (Suzuki and Senoo 2013). We also detected a high phosphorylation level of p63 in the transient KGF gene-activated keratinocytes of the upper layer under high-resolution microscopy (Fig. 4) . In fact, a high level of pp63 expression is associated with certain skin disorders, such as dermatitis (Keyes et al. 2011 ). These observations support that KGF might stimulate stem cells to produce more progenitor cells, which in turn could prevent a transformation to malignancy.
Treatment with SU5402, a KGFR-Tyrosine Kinase Inhibitor, Suppressed Progenitor Cell Proliferation, Resulting in the Suppression of Hyper-proliferation and Incomplete Differentiation of the Epithelium
The action of KGF depends upon KGFR, which is a transmembrane tyrosine kinase receptor with an alternatively spliced variant of the FGF receptor-2/ bek gene (Miki et al. 1992) . By binding to KGFR, KGF activates various MAPKs, including p-ERK, and induces epithelial cell growth (Bao et al. 2005; Sharma et al. 2003) . In our study, KGFR expression was consistently upregulated and detected in all layers of the epithelium and many progenitor cells were induced at day 4 after KGF gene transfection (Fig. 3) . In recent research, p63 has been shown to regulate the transcription of FGFR2 (Zhao et al. 2014; Ramsey et al. 2013; Candi et al. 2007 ). Indeed, a previous study observed an increase in KGFR expression when deltaNp63 was overexpressed by keratinocytes (Yang et al. 1999) . Very recently, Fgfr2b expression was shown to be reduced in the developing epidermis of p63−/− mice (Candi et al. 2007; Laurikkala et al. 2006 ) and affected by mutant p63 and p63 knockdown through a global gene expression analysis (Ferone et al. 2012) . According to the results of the expression pattern of p63 in KGF-induced hyperproliferative epithelium, it is assumed that the transcriptional activation of KGFR might be induced by p63 under KGF gene transfection. However, an investigation of the direct evidence that argues the regulatory elements in the promotion of p63 should be the subject of future research. Furthermore, by using a tyrosine kinase inhibitor of KGFR, SU5402, in vivo, the number of progenitor cells was decreased and thickening of the epithelium reduced (Fig. 6) . These results strongly indicated that stem-cell-toprogenitor-cell production might be regulated under the paracrine action of KGF and KGFR.
In conclusion, KGF might accelerate the proliferative activity of stem and/or progenitor cells and inhibit the differentiation of progenitor cells in the suprabasal layer through the induction of pp63 expression, resulting in epithelial hyperplasia and stratification. The KGF and KGFR-signaling pathway is a potentially suitable therapeutic target for the treatment of chronic proliferating skin diseases in the future.
